This paper presents results from a laboratory study comparing Klinkenberg-corrected permeability measurements in tight gas sands using both a conventional steady-state technique and two commercially-available unsteady-state permeameters. We also investigated the effects of various rate and pressure testing conditions on steady-state flow measurements. Our study shows the unsteady-state technique consistently overestimates the steady-state permeabilities, even when the steady-state measurements are corrected for gas slippage and inertial effects. The differences are most significant for permeabilities less than about 0.01 md. We validated the steady-state Klinkenberg-corrected permeabilities with liquid permeabilities measured using both brine and kerosene. Although gas slippage effects are more pronounced with helium than with nitrogen, we also confirmed the steady-state results using two different gases. Moreover, we show results are similar for both constant backpressure and constant mass flow rate test conditions. Finally, our study illustrates the importance of using a finite backpressure to reduce non-Darcy flow effects, particularly for ultra low-permeability samples.
Introduction
Permeability measurements in core samples are based on the observation that, under steady-state flowing conditions, the pressure gradient is constant and is directly proportional to the fluid velocity. This constant of proportionality, as defined by Darcy's law, is the absolute core permeability, k. This relationship has been validated for a wide range of flow velocities. For cores with permeabilities less than about 0.1 md, steady-state flow is difficult to achieve in a reasonable test time, especially when liquid is the flowing fluid. Consequently, gas is routinely used in low-permeability core samples. However, gas flow in tight gas sands is often affected by several phenomena that may cause deviations from Darcy's law. Failure to account for these non-Darcy effects, principally gas slippage and inertial flow, may cause significant measurement errors. Gas slippage is a non-Darcy effect associated with nonlaminar gas flow in porous media. These effects occur when the size of the average rock pore throat radius approaches the size of the mean free path of the gas molecules, thus causing the velocity of individual gas molecules to accelerate or "slip" when contacting rock surfaces. 1 This phenomenon is especially significant in tight gas sands that are typically characterized by very small pore throats.
Klinkenberg, 2 who was one of the first to study and document gas slippage effects in porous media, showed the observed permeability to gas is a function of the mean core pressure. Furthermore, he observed that the gas permeability approaches a limiting value at an infinite mean pressure. This limiting permeability value, which is sometimes referred to as the equivalent liquid permeability 1 or the Klinkenbergcorrected permeability, is computed from the straight-line intercept on a plot of measured permeability against reciprocal mean pressure. In equation form, the line is defined by 2) where ∞ k is the Klinkenberg-corrected permeability and b is the gas slippage factor. Experimental studies by Krutter and Day, 3 Calhoun and Yuster 4 and Heid, et al., 5 extended and validated the work of Klinkenberg. 2 Inertial effects usually occur at high flow rates. These non-Darcy effects are a result of convective flow as fluid particles move through tortuous rock pore throats of varying sizes. Unlike steady-state Darcy flow, inertial effects are manifested by an increase in the pressure change without a corresponding or proportionate increase in fluid velocity. This additional pressure change is associated with dissipation of inertial energy as fluid particles accelerate through smaller pore throats and decelerate through larger areas. Furthermore, the fluid acceleration creates secondary flow patterns and an
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Laboratory Program: Materials and Protocols
Test Materials. Permeability measurements were made on 26 core samples from wells producing in the Bossier tight gas sands in the Mimms Creek Field, Freestone County, TX. Effective sample porosity ranged from about 4% to 12%, while Klinkenberg-corrected permeability from the steadystate method (with no backpressure) ranged from about 0.0007 md to 0.10 md. Table 1 summarizes the intrinsic rock properties and core dimensions.
All permeability measurements represent absolute or specific values obtained at zero water saturation. Steady-state measurements were initially made using nitrogen, but were also repeated using helium on a subset of samples. All unsteady-state measurements were made with only helium as the flowing medium. Steady-state permeability measurements were also made on a subset of samples using liquid. Since the Bossier sands are strongly water-wet, liquid permeabilities were initially measured using kerosene, but were also evaluated using brine, which was a synthetic fluid with a salinity of 50,000 ppm NaCl. 6 where the downstream outlet port is vented to the atmosphere. Furthermore, the tests were conducted using helium as the flowing fluid. Note that, although the initial net overburden pressure was set at 800 psig, it varied both spatially and temporally during the unsteady-state measurements.
Prior to making any measurements, the cores were cleaned using a low-temperature azeotropic (chloroform-methanol) solution with a Dean Stark extraction process. The samples were then dried in a humidity-controlled environment. These cleaning and drying protocols were implemented to mitigate any damage or alteration of rock materials, especially the clays.
Diagnostic Tools to Evaluate Steady-State Flow
We evaluated the steady-state measurements using three different plotting techniques as diagnostic tools. First, we assessed gas slippage effects using the conventional Klinkenberg plot, [1] [2] [3] [4] [5] i.e., a plot of the inverse mean pressure against the apparent gas permeability. The Klinkenbergcorrected permeability is estimated from the y-intercept, while the gas slippage factor is computed from the line slope. As illustrated in the hypothetical Klinkenberg plot in Fig. 1 , nonDarcy effects may be identified as deviations from the straight line trend at high mean pressures. Note that the non-Darcy flow effects illustrated by Fig. 1 are often more evident in high-permeability samples. 18, 19 Consequently, we implemented a second diagnostic tool which is simply a plot of Darcy's equation for linear gas flow. As derived in Appendix A, a plot of the slippage-corrected Darcy pressure drop against mass flow rate should result in a line drawn through the origin with a slope equal to the inverse of Klinkenberg-corrected permeability. 1, 18, 19 Non-Darcy flow effects, as shown by Fig. 2 , are indicated by deviations upward from the line. The third diagnostic tool was used to correct for inertial effects. Similar to Dranchuk and Kolada, 18 we plot a slippagecorrected Forchheimer pressure change term against a slippage-corrected mass flow rate term. These plotting functions are derived in Appendix B. This plot, as illustrated in Fig. 3 , should yield a line with a slope equal to the inertial resistance coefficient and an intercept equal to the inverse of Klinkenberg-corrected permeability. 
Comparison of Unsteady-State and Steady-State Measurements with No Applied Backpressure
As noted, initial steady-state measurements for our study were made using nitrogen and with a backpressure equal to atmospheric pressure. We calculated Klinkenberg-corrected permeabilities and gas slippage factors using a plot of gas permeability against the inverse mean core pressure as suggested by Klinkenberg 2 and described by Eq. (2). Figure 4 is an example of a Klinkenberg plot for one of the core samples tested in our study. Similar to observations made in References 18-20, we note that data points at higher mean pressures sometimes deviate downward from the best-fit line in Fig. 4 . Since the Klinkenberg plot corrects for gas slippage effects, this deviation has been attributed to the onset of inertial effects and has been commonly described as visco-inertial flow. 18 In general, the presence of visco-inertial flow is more evident in the lower permeability samples.
To compare with the steady-state results, we also employed two independent commercial laboratories to measure Klinkenberg-corrected permeabilities using an unsteady-state technique. Figure 5 , which is a log-log plot comparing steady-state and unsteady-state results, indicates the unsteady-state technique overestimates the Klinkenbergcorrected permeability consistently over the entire range of permeabilities tested. The differences between unsteady-state and steady-state techniques range from less than 5% for permeabilities greater than 0.02 md to more than 80% for a permeability less than about 0.01 md. Note also that, as indicated by Figure 6 , the unsteady-state results from both laboratories are very similar. This similarity suggests the differences between unsteady-state and steadystate techniques may not be caused by simple random measurement errors, but are more likely a systematic phenomenon. Moreover, these errors may be attributed to fundamental problems with the unsteady-state methodology. On the basis of these observations, the next stages of our study focused on validating the steady-state results for a range of pressure and rate testing conditions. 
An Evaluation of Backpressure Effects on SteadyState Flow Measurements
McPhee and Arthur 20 suggest the use of a finite backpressure improves flow and pressure control. More importantly, application of a finite backpressure tends to minimize nonDarcy flow effects. To evaluate these effects, we measured Klinkenberg-corrected permeabilities for backpressures ranging from atmospheric to about 200 psig. Figure 7 illustrates the effects of backpressure on the Klinkenberg plot for backpressures of 0, 46.5, and 146.4 psig for core sample 2-35. Note that the Klinkenberg-corrected permeabilities at backpressures greater than zero exceed the value at zero backpressure by more than 10%. To correct for the visco-inertial effects, we also employed a plot of the slippage-corrected Forchheimer pressure drop function against the slippage-corrected mass flow rate. The steady-state data shown in Figs. 9-10 are replotted in terms of the slippage-corrected Forchheimer functions in Figs. 11-12, respectively. Additionally, the same gas slippage factors used to compute the Darcy plotting functions were also used to generate the Forchheimer plotting functions. We note a reduction both in data scatter and line slopes as the backpressure is increased from 46.5 to 146.4 psig. Since the inertial resistance coefficient is related to the line slope, this change in slope suggests a reduction in non-Darcy flow effects as the backpressure is increased.
Klinkenberg-corrected permeabilities were calculated from the line properties in both the Darcy and Forchheimer plots. Figure 13 is a bar chart comparing these permeabilities from all of the diagnostic plots with that computed from the unsteady-state methods for core sample 2-35. Even when the steady-state measurements are corrected for gas slippage and inertial effects, the unsteady-state technique still overestimates the steady-state-derived permeabilities. For this example, the permeability derived from the unsteady-state technique is more than three times greater than those computed from steady-state methods. Again, the differences between the unsteady-state and corrected steady-state methods are greatest for permeabilities less than about 0.01 md. The objective of the next phase of our investigation was to confirm the steady-state-derived Klinkenberg-corrected permeability measurements using a gas other than nitrogen. Since the unsteady-state permeameters used helium, we conducted an additional set of steady-state measurements using helium on a subset of core samples. These measurements removed any possible effects caused by the use of different gases, thereby allowing a more direct comparison between the unsteady-state and steady-state data. We also evaluated the effects of a finite backpressure on the permeability measurements with helium. Figure 14 is a Klinkenberg plot for core sample 2-33 comparing steady-state measurements using helium and nitrogen at backpressures of 46 and 145 psig. We have also included for comparison the measurements made using nitrogen at a backpressure of zero. The data obtained with the helium have a greater slope and larger gas slippage factor, both of which are indicative of greater gas slippage effects than with nitrogen. When extrapolated back to an infinite mean pressure, both the helium and nitrogen data also converge to essentially the same intercept for both backpressures evaluated.
We also observe that the Klinkenberg-corrected permeability obtained using nitrogen with no backpressure is about 16% lower than all other measurements. We observed similar results for other core samples evaluated using both helium and nitrogen. We also evaluated non-Darcy effects for the steady-state measurements made with helium. Figures 15 and 16 are plots of the slippage-corrected Darcy pressure function against mass flow rate for the helium data and at backpressures of 46 and 145 psig, respectively. Although some visco-inertial effects are seen at the lower backpressure, we observe that most nonDarcy effects have been reduced significantly for the range of flow rates investigated and for a backpressure of 145 psig. For comparison, we also show steady-state measurements using nitrogen for the same core sample. Figures 17 and 18 are plots of the slippage-corrected Darcy functions using the steady-state flow measurements made with nitrogen. Both sets of measurements illustrate the effectiveness of reducing non-Darcy flow effects with finite, higher backpressures. As noted in Appendices A and B, the Klinkenberg-corrected permeability can be calculated from the line slope in Figs. 15-18 and from the line intercept in Figs. 19-22 . Figure 23 is a bar chart comparing Klinkenberg-corrected permeabilities from the Darcy and Forchheimer diagnostic plots with that computed from the unsteady-state methods for core sample 2-33.
We note again that, even when the steady-state measurements are corrected for gas slippage and inertial effects, the unsteady-state technique still overestimates the steady-state-derived permeabilities. The permeability derived from the unsteady-state technique is more than two times greater than those computed from steady-state methods. We observed similar results for all core samples tested. 
Evaluation of Steady-State Measurements Under Constant Mass Flow Rate Conditions
McPhee and Arthur 20 also investigated the effects of various laboratory testing conditions on the accuracy of Klinkenbergcorrected permeabilities from steady-state flow measurements. Their study showed differences between the constant mass flow rate and constant pressure differential conditions were inconsequential when a finite backpressure was used. Most of the core samples evaluated in their study, however, had permeabilities significantly greater than 0.10 md. Therefore, the objective of this phase of our study was to evaluate the effects of constant mass flow rate conditions on steady-state measurements in ultra low-permeability samples.
Figures 24 and 25 are Klinkenberg plots for core sample 2-33 measured with constant mass flow rates of 4.0x10 -6 and 8.0x10 -6 g/sec-cm 2 , respectively. Both steady-state measurements were made with nitrogen and at backpressures ranging from 50 to 150 psig. Although visco-inertial effects are apparent in both plots, these non-Darcy effects appear to be more significant for the higher mass flow rate. The Klinkenberg-corrected permeabilities are, however, very similar for both mass flow rates. Furthermore, when compared to Klinkenberg-corrected permeabilities from steady-state measurements made under constant backpressure conditions (Fig. 23) , we see the differences are negligible. We also note that the values obtained under constant mass flow conditions are still significantly lower than those estimated using the unsteady-state technique. Although not shown, we observed similar comparisons from other core samples tested. 
Equivalent vs. Actual Liquid Permeabilities
The objective of the final phase of our study was to validate further the accuracy of the Klinkenberg-corrected permeabilities from the steady-state measurements. Recall that the Klinkenberg-corrected permeability estimated from the Klinkenberg plot is sometimes referred to as the equivalent liquid permeability. In fact, much of the initial laboratory research [2] [3] [4] [5] has established that "the absolute permeability of a porous medium to a non-reactive, homogeneous, single-phase liquid equals the equivalent liquid permeability." 1 Consequently, we measured permeabilities to liquid on a subset of core samples representing a range of porosity and permeability.
Since the Bossier tight gas sands are strongly water-wet, we initially measured liquid permeabilities using kerosene in order to mitigate any surface wetting effects. Figure 26 compares kerosene permeabilities to the Klinkenbergcorrected or equivalent liquid permeabilities for five core samples. The equivalent liquid permeabilities represent values obtained at a finite backpressure and corrected for both gas slippage and inertial effects using the slippage-corrected Forchheimer plotting technique. Note the excellent agreement between the kerosene permeabilities and the equivalent liquid or Klinkenberg-corrected permeabilities obtained using the steady-state method. We also see the liquid permeabilities are still lower than the Klinkenberg-corrected values estimated with the unsteady-state technique. After cleaning and drying the kerosene-saturated core samples, we also measured permeabilities to brine, which is the wetting phase for the Bossier sands. As discussed in the section on laboratory protocol, the brine was a synthetic fluid with a salinity of 50,000 ppm NaCl. Figure 27 , which is a comparison of brine permeabilities to the Klinkenbergcorrected or equivalent liquid permeabilities from the steadystate methods for the same five core samples, also shows excellent agreement. The equivalent liquid permeabilities again represent values obtained at a finite backpressure and corrected for both gas slippage and inertial effects using the slippage-corrected Forchheimer plotting technique. Similar to the comparison with kerosene permeabilities, we also see the permeabilities to brine are significantly lower than the values from the unsteady-state method. Tables 2 and 3 summarize results from Figs. 26 and 27 , respectively, comparing equivalent liquid or Klinkenbergcorrected permeabilities from both the steady-state and unsteady-state techniques with actual liquid permeabilities measured with both kerosene and brine. Note that the Klinkenberg-corrected permeabilities were corrected for both gas slippage and inertial effects. Moreover, the excellent agreement observed between the steady-state equivalent liquid and the actual liquid permeabilities validates our steady-state gas measurements. 
Summary and Conclusions
This paper presents results from a laboratory study comparing Klinkenberg-corrected permeability measurements in tight gas sands using both a conventional steady-state technique and two commercially-available unsteady-state permeameters. The primary study objective was to investigate the accuracy of the unsteady-state technique for applications in tight gas sands. We evaluated the accuracy of the unsteady-state permeameter by comparing results from a steady-state technique made under a variety of rate and pressure conditions. On the basis of our study, we offer the following conclusions:
1. Even when the steady-state measurements are corrected for gas slippage and inertial effects, the unsteady-state technique consistently overestimates Klinkenbergcorrected permeabilities. The differences range from less than 5% for permeabilities greater than 0.02 md to more than 80% for a permeability less than about 0.01 md.
2. The differences between measurement techniques are largest for steady-state measurements made with the downstream port venting to the atmosphere, i.e., no backpressure. However, even when finite backpressures are applied, we still observe errors in the unsteady-state measurements.
3. Permeabilities obtained from two independent commercial laboratories and using two different unsteady-state permeameters are very similar. This similarity suggests that the errors may not be caused by simple random measurement errors, but rather, such errors may be a systematic phenomenon that can be attributed to fundamental problems with the unsteadystate methodology. Further, these errors may be either mechanical, numerical, or both.
4. Equivalent liquid (i.e., Klinkenberg-corrected) permeabilities obtained with a steady-state technique were validated with both brine and kerosene permeability measurements for a range of rock properties.
5. Steady-state measurements made with nitrogen were also confirmed using helium. Similar to observations made by other studies, gas slippage and inertial effects are more pronounced with helium than with nitrogen.
6. Use of a finite backpressure improves the accuracy of steady-state flow measurements, primarily by reducing both gas slippage and inertial effects. These non-Darcy effects are reduced by increasing the overall mean core pressure, thus causing the gas to behave more like a liquid.
7. We have also concluded that maintaining a constant mass flow rate will not materially affect the accuracy of steady-state flow measurements for the range of properties tested in our study.
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Nomenclature A = core cross-sectional area, cm 2 b = gas slippage factor, atm k = apparent permeability to gas measured at mean core pressure, md ∞ k = Klinkenberg-corrected permeability, md L = core length, cm M = gas molecular weight, g/g-mole 
